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Abstract: Characterization of asphalt pavements, based on ground spectroradiometers, has been
studied in the past to determine their spectral response concerning the physical, chemical,
and condition properties of the pavement. This paper suggests an alternative technique for
characterizing ageing of asphalt pavements using a colorimeter. Colorimeters are considered as
affordable equipment in laboratories in contrast to other scientific instruments and turn remote sensing
ground techniques more accessible to industry. Therefore, the study proposes a new methodology
indicating how colorimeters can be used in combination with satellite data for the age characterization
of asphalt pavements. Spectroradiometer data are compared in a two-way methodology to colorimeter
data. The final steps of the methodology used in the study show very similar results for both equipment
after a comparison of separability indices (Euclidean and Mahalanobis distances). It is a fact that
colorimeter data can be used as ground truth data. The application was performed using an in-band
analysis of WorldView 3 (WV3) spectral bands situated in the visible electromagnetic spectrum. Based
on the findings of this study, we proposed the Normalized Difference Equation/filter for asphalt
Pavement Age characterization Index (NDPAI).

Keywords: colorimeter; spectroradiometer; asphalt pavements; remote sensing; WorldView 3; color
to spectral; spectral to color

1. Introduction

Remote sensing techniques are used on asphalt pavements to study their physical and chemical
characteristics, and also to evaluate the condition of pavements such as ageing and material
composition [1–6]. There are various techniques in remote sensing that can be used for the study
of asphalt concrete’s behavior, including spectral libraries, Unmanned Aerial Vehicles (UAV’s),
digital sensors (such as RGB and thermal imaging), Ground Penetrating Radars (GPRs), and satellite
data [7–11]. The most common equipment to be used for ground truth data is a spectroradiometer.
Spectroradiometric ground data can be used to understand the spectral behavior (i.e., spectral
signatures) of the asphalt pavements, as this is also obtained through satellites. There is a variety of
spectroradiometers to be used depending on its use (i.e., the desired spectral wavelength), but reliable
ones can be considered as expensive. In addition, such equipment is meant to be used only by experts.

In this study, an effort was made to reduce the cost of scientific laboratory equipment, make remote
sensing research more understandable and accessible to the industry by introducing colorimeters for
the characterization of asphalt pavements. The science of colorimetry demonstrates that the color of
an object depends on the spectral composition of the incident light, the object’s spectral reflectance
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or transmittance, the observer’s spectral response, and the illuminating and viewing geometry [12].
One very common color space used in colorimeters is CIELAB, which refers to a lightness axis L*,
a redness (positive)—greenness (negative) axis a*, and a yellowness (positive)—blueness (negative)
axis b*. L*a*b* is a uniform color space (UCS), i.e., the threshold is represented by equal distances in a
color space [12,13].

As far as asphalt pavements are concerned, it is imperative to understand their color and
degradation phases since this knowledge leads to safer roads and reduces the overall cost for
maintenance. Colored pavements are used for safety improvements and also to calm traffic, understand
different urban spaces, and identify dedicated or preferential routes (e.g., bus lanes, bicycle lanes,
etc.) [14–16]. Furthermore, asphalt is considered as an energy storage element [17]. Otherwise stated,
it behaves as an elastic solid, able to recover small deformations, during winter, while in the summertime,
it behaves as a viscous material when the traffic load is applied to it [18]. The energy absorbed by
the asphalt pavements decreases with time. This results in the reduction of the heat island effect,
the increase in air quality, and savings in the reductions of air-conditioning costs [19,20].

Factors affecting the physical and chemical characteristics of asphalt pavements have been
mentioned by many researchers in recent years. Some of the most important parameters that may
alternate the spectral signatures and color of asphalt pavement are: aging, cracking, raveling, gravels,
slurry crack seals, asphalt patches, and chip seal treatments [21]. Traffic, weather wear, and surface
distresses can also affect the reflectance of asphalts [2,5]. The color of paved areas is correlated to the
loss of bitumen covering the aggregates [2,21]. Thus, according to Norohnha et al. [22], the age of
asphalt pavements is correlated to the health of the pavement.

Autelitano and Giuliani, in 2019, [23] intended to show the color appearance of pigmented asphalt
surface in daytime and nighttime. They proposed a method of chromatic characterization of colored
asphalt pavements considering colored pigmented slurry seals. The equipment used to measure the
color of the pavements was a hand-held CM-2500d spectrophotometer (Konica Minolta). This took
place on laboratory scale samples at room temperature. The color coordinates were expressed using
the 1976 CIE (Commission Internationale de l’éclairage/International Commission on Illumination)
L*a*b color space. The primary outcomes of the study show that the color appearance of the samples is
influenced by artificial lighting. In addition, the sodium-vapor lamps made the samples look shadowy
black instead of the color registered in daylight and the new generation of metal halide and LED
sources to represent the leading options of white lighting [23].

Another study examined the surface color changes of colored asphalt at different ageing periods.
The samples used were analyzed in RGB and HSI color spaces. These samples were made of two
colors, green and red (with different ratios), and were exposed to ultraviolet (UV) light for five different
spans. The results revealed that ageing spans affect the change in the colored asphalt and that the red
dye had better resistance to the UV light [24].

There is not much research associated with the colored asphalt pavement [25]; thus, Ning and
Huan in 2017 aimed to show the low durability of color on asphalt. They ran long-term rolling and
long-term ageing to simulate the vehicle rolling and the ageing performance of asphalt color. The color
durability was evaluated through RGB and trace residue formula. The results reveal that a color
durable asphalt pavement resists tire traces and improves the color durability of asphalt pavement [25].

Since engineers have, in recent years, shown interest in the effect of the thermal loads of asphalt
pavements on their mechanical properties, Pascual-Muñoz et al. (2014) [26] tried to determine the
influence of asphalt pavements’ early color degradation considering their thermal behavior. The study
concerned the thermal behavior and color degradation of the asphalt mixes while they also compared
the laboratory samples to access roads of seven low volume car parks. The equipment used to determine
the color of the samples was the Konica Minolta CM-600d spectrophotometer. The results revealed
that there were large differences in thermal behavior between asphalt with different gradations and
densities, and there was a successful simulation of color degradation of asphalt. Several months after
opening, asphalt surfaces have an L* (Lightness) value as high as for the next 4–5 years, as far as low
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volume pavements concern. The degradation presented in the paper simulates a six-year-old low
volume asphalt pavement. When asphalt suffers from color degradation, there is a slight reduction in
temperature and energy collection capacity [26].

In summation, not much work has been done on the characterization of asphalt pavements using
their color through simple equipment, such as colorimeters. Thus, this work uses a colorimeter to
study the behavior of asphalt pavements. All the colorimetric samples were compared to data taken
through a spectroradiometer and then used to find out a separability index in the visible spectrum
using the spectral bands of a Very High Resolution (VHR) satellite, such as WorldView 3 (WV3).

A two-way methodology is described in this paper that can provide information on how to
compare the two equipment. The first method used a comparison in the CIELAB color space. In other
words, the spectroradiometrer data were converted into the CIELAB color space to be compared
to the colorimeter ones. The second method compared the reflectance of the asphalt pavements
concerning the two different equipment used. Otherwise stated, the colorimetrer data were converted
into reflectance data and compared to the spectroradiometrer ones. The latter proves that colorimeters
can be used to guide satellites, such as WV3, in the characterization of asphalt pavements in terms of
their age. In the end, the study proposes a normalization index that can be used for asphalt pavement
age characterization, through a simulation study of the methodology on WV3.

2. Materials and Methods

The methodology followed in this study concerned the correlation of the data produced between
the two main equipment used, i.e., spectroradiometer and colorimeter. The spectroradiometer produces
spectral data, while the colorimeter produces color data (i.e., Lab or RGB). Thus, a two-way comparison
between the equipment was used to provide an alternative way to analyze color/spectral data. In other
words, after the collection of data (Step 1), the equipment datasets were compared to each other, firstly,
by converting the spectroradiometer data into color data (Step 2). Next, data analysis took place using
statistical tests such as T-Test, Analysis of Variance (ANOVA) test, and Pearson correlation (Step 3).
When the data of the two equipment was proved to be statistically related, the second (vise-versa)
conversion took place, i.e., the color data were converted into spectral data (Step 4). An extra step
of data analysis took place (Step 5), but this time the spectral data for both equipment went through
in-band analysis of WorldView 3 (WV3) and were compared using two separability indices (Euclidean
Distance and Mahalanobis Distance). Finally, by applying the results of the methodology, there is a
clear characterization of asphalt pavements in terms of their ageing (Step 6). All steps outlined in
Figure 1 are described in detail in the following sections of this study.

2.1. Data Collection

The study took place in Larnaca, which is located in the southern part of Cyprus island. The selected
areas are situated outside the city of Larnaca and are relatively close to each other (less than 2 km in
diameter). All the areas are characterized by low to very low traffic load. The measurements were
taken inside a 4 m2 road section situated on one lane of the road, for safety reasons, without taking
any asphalt pavement distress into consideration. Since all the sections suffered the same weather
conditions and similar traffic load was constructed using the same design manuals, it was considered
appropriate to assume that all the variables (e.g. traffic, weather condition etc.) were the same for all
areas, except for their age of construction. Data were retrieved from six different asphalt pavements
that were paved for three age categories. Two of the areas, A1 and A2, were less than five years old
(Age category 1), B1 and B2 were five to ten years old (Age category 2), while C1 and C2 were ten
to fifteen years old (Age category 3). The first category indicates newly paved asphalt pavements,
while the second category refers to pavements prone to structural defects. The third category illustrates
asphalt pavements that have a high possibility of needing maintenance.
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An example of the data collection method is illustrated in Figure 2. In the left of the figure, the red
box shows the 4 m2 road section examined, while the right side of the figure shows an example of the
data collected inside the 4 m2 road section. The Field Of View (FOV) of the spectroradiometer was 40

and the height of observation was 80 cm; thus, the diameter of a spectroradiometer sample was 5.6 cm.
Since the diameter of a colorimetric sample was 0.8 cm, it was considered appropriate to use an average
value of three colorimetric samples for each spectroradiometric sample, as shown in Figure 2 (right).Remote Sens. 2020, 12, 3911 5 of 24 
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and colorimeter (blue dots) dataset collection on the right (in scale).

2.2. Resources

Data collection was performed using two main equipment, a spectroradiometer and a colorimeter.
The SVC 1024 (Spectra Vista) spectroradiometer (Figure 3a) used has a spectral range of 350–2500 nm
using three detectors covering the Visible (V), Near Infrared (NIR), and Short Wave Infrared (SWIR) with
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bandwidths of: ≤3.5 nm for 350–1000 nm, ≤3.8 nm for 1000–1885 nm, and ≤2.5 nm for 1885–2500 nm.
The calibration of the spectroradiometer was performed using a spectralon panel assumed to be a
Lambertian surface.
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The colorimeter used was the FRU WR-18 (Figure 3b). It can work with CIELAB, CIELCH,
CIEXYZ, and sRGB color spaces and uses its own light source (D65). During this study, L*a*b*, was the
main color space used as far as concerns the colorimeter. This color space is widely used, describing
all the colors visible human (red-green-blue). The colorimeter was calibrated using white correction
mode according to the factory instructions. The CIE standard illuminant D65 is referred to as the
daylight illuminant since it represents a relative spectral distribution of daylight. It is broadly used as
the nominal correlated color temperature (CCT) of the daylight since it has a CCT of approximately
6500 K [23].

All the measurements were performed between 10:00 a.m. and 2:00 p.m. during the spring season
under clear sky conditions.

After the data collection, conversion of data from spectral to color space took place and then
the conversion that took place was the other way around, i.e., the data was converted from color
space to spectral. In this way, the outlined methodology provides an additional tool in monitoring
asphalt pavements without the use of a spectroradiometer, i.e., by using only a colorimeter. In addition,
researchers can have both conversions available for study. The methods were tested with the outlined
techniques for asphalt pavement categorization in the visible spectrum.

Since colorimeters are ideal for measuring color space in the visible spectrum, all the studied data
were in the range of 400–830 nm. Thus, the spectroradiometer data ranging from 831 nm to 2500 nm
were neglected. In addition, the extreme measurements were not considered, while for each equipment
(radiometer, colorimeter), 50 samples were examined in each road section with area of 4 m2, while extra
15% of the samples were used for validation purposes. The detailed procedure for the conversion of
spectral data to color space is described below.

2.3. Spectral to L*a*b*Color Space

To convert the spectral values, measured in the field, to color space CIE L*a*b*, an intermediate
conversion took place, to the CIE XYZ trichromatic system [29,30]. In other words, the spectral
values for the spectroradiometer were firstly converted to XYZ and finally to L*a*b*. According
to Schanda (2007) [31], color is a perception that is not accessible to engineering measurements;
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thus, CIE colorimetry is used as the metric of the color stimulus. The formulae used for this conversion
are as follows:

2.3.1. Spectral to XYZ Trichromatic System

Φ(λ) = S(λ)I(λ) (1)

X = k
∫ maxλ

minλ
Φ(λ)x(λ)dλ (2)

Y = k
∫ maxλ

minλ
Φ(λ)y(λ)dλ (3)

Z = k
∫ maxλ

minλ
Φ(λ)z(λ)dλ (4)

k =
1∫ maxλ

minλ Φ(λ)z(λ)dλ
(5)

where λ is the wavelength in nm, k is a constant, Φ(λ) is the relative color stimulus function (since the
colorimeter uses a CIE standard illuminant D65), S(λ) is the spectral reflectance factor of the sample,
I(λ) is the relative spectral power distribution of the illuminant (D65), x, y, z are the CIE 1964 standard
observer functions (10◦ visual field)

Based on CIE [30], the above equations are replaced by numerical summations as follows:

X = k
∑

i

Φ(λ)x(λ)dλ (6)

Y = k
∑

i

Φ(λ)y(λ)dλ (7)

Z = k
∑

i

Φ(λ)z(λ)dλ (8)

k =
1∑

i I(λ)y(λ)dλ
(9)

The wavelength used was 400 nm to 830 nm, while the sample spacing was 5 nm.

2.3.2. XYZ Trichromatic System to CIE L*a*b*

During the CIE progress report in London, in 1975, the CIE Technical Committee recommended
the use of two uniform color spaces, CIELAB and CIELUV [32]. The WR-18 colorimeter uses a
visual angle of 10◦; thus, the CIELAB color space should be combined with the CIE 1964 standard
colorimetric observer.

The conversion from XYZ to CIE 1976 (L*a*b*) took place using the following equations:

L∗ = 116 f
( Y

Yr

)
− 16 (10)

a∗ = 500
(

f
( X

Xr

)
− f

( Y
Yr

))
(11)

b∗ = 200
(

f
( Y

Yr

)
− f

( Z
Zr

))
(12)

where:

f
( X

Xr

)
=

3

√( X
Xr

)
i f

( X
Xr

)
> 0.008856 (based on CIE standard)
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Otherwise:

f
( X

Xr

)
=

k
(

X
Xr

)
+ 16

116
i f

( X
Xr

)
≤ 0.008856 f

( Y
Yr

)
=

3

√( Y
Yr

)
i f

( Y
Yr

)
> 0.008856

Otherwise:

f
( Y

Yr

)
=

k
(

Y
Yr

)
+ 16

116
i f

( Y
Yr

)
≤ 0.008856 f

( Z
Zr

)
=

3

√( Z
Zr

)
i f

( Z
Zr

)
> 0.008856

Otherwise:

f
( Z

Zr

)
=

k
(

Z
Zr

)
+ 16

116
i f

( Z
Zr

)
≤ 0.008856k = 903.3 (based on CIE standard)

X, Y, Z presented in the above equations are the tristimulus values of the testing sample while
Xr, Yr, Zr are the tristimulus values of the white reference.

2.4. Analysis of the Color Data

The spectroradiometer data was converted to L*a*b* and compared to the colorimeter’s data.
For this study, L* (i.e., lightness) was the basis of comparison of the two equipment. This comparison
can be considered as a validation of the colorimeter data. Next, the data of the two equipment were
compared statistically using T-test, ANOVA, and Pearson correlation.

2.5. From Color Space to Reflectance

Since the first step of the methodology was considered successful, the vice versa (i.e., the conversion
from color space to reflectance) conversion is essential as well. The reflectance of an object is a parameter
that can be used in many remote sensing techniques. The purpose of this work was to use a colorimeter
as a ground validation tool of remote sensing data i.e., satellite data. Since satellites use spectral bands,
the ideal scenario was to use a colorimeter (instead of a spectroradiometer) in combination with an
in-band analysis of satellite data to classify asphalt pavements in terms of their age.

The color space to reflectance conversion was performed as per the conversion methods of Burns
(2020) [33]. Numerical methods can be used to reconstruct a reflectance distribution from a set of
tristimulus values, XYZ. The study used the method that is intended to be used on object colors. Burns
(2020) [33] claimed that this method provides the best match with minimum root mean square errors
compared to other numerical methods and guarantees a reflectance value between 0 and 1. This is
achieved by using a hyperbolic tangent change of variables. The transformation function used is
defined as follows:

ρ =
tanh(z) + 1

2
(13)

where ρ is the reflectance distribution ranging from 0 to 1, tanh is the hyperbolic tangent ranging from
−1 to 1.

The above function is divided by two to generate reflectance within the 0 to 1 range. The smoothest
line comes through the minimum of the quadratic function of z:

min
z

1
2

z′Dz (14)

s.t.
A′w(tanh(z) + 1)

2
= XYZW (15)
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where D is an n× n matrix of finite-differencing constants: D =



2 −2
−2 4 −2

−2 4 −2
. . . . . . . . .

−2 4 −2
−2 2


.

A is an n × 3 array of color matching functions (CMFs), A = [x, y, z], Aw is the illuminant (W) color
matching functions (CMFs) computed as WA, W is an n× n matrix with W on the main diagonal and
zeros elsewhere, ′ is the transpose of the matrix

An assumption taken into consideration is that the scalar product y′ ×W = 1, due to illuminant
normalization. This a common practice used in previous studies as well [33–35]. The derivative
(tanh(z) + 1) is (sec h2(z)) and λ is a (3× 1) vector of Lagrande multipliers, thus by applying the
Lagrange multipliers function, the stationary conditions would be:

F =

 Dz + diag
(

sech2(z)
2

)
Awλ

A′w
(

tanh(z)+1
2

)
−XYZw

 (16)

F matrix is associated with the Jacobian matrix J, which is its first partial derivative:

J =

 D− diag
(
diag

(
sech2(z)tanh(z)

)
Awλ

)
diag

(
sech2(z)

2

)
Aw

A′wdiag
(

sech2(z)
2

)
0

 (17)

Note that the derivative of sech2(z)
2 is (−sech2(z)tanh(z)). In each iteration, the change in the

variables is found by solving the linear system:

J
{

∆z
∆λ

}
= −F (18)

For all the iterations, the values of z and λ are updated using:

zk+1 = zk + ∆z (19)

λk+1 = λk + ∆λ (20)

2.6. Analysis of the Spectral Data

Since there are reflectance data from the spectroradiometer and the colorimeter, in-band analysis
of WorldView 3 (WV3) was used to identify the suitable bands for the age classification of asphalt
pavements. Relative Spectral Response (RSR) of WV3 was used to calculate the value of each band for
the studied asphalt pavements as in Figure 4. A mean value of each examined WV3 band, for both
equipment, was calculated, using the RSRs of the satellite sensors [36–38].

WV3 consists of one panchromatic band (450–800 nm), eight multispectral bands (400–1040 nm),
eight Short Wave Infrared (SWIR) bands (1195–2365 nm), and 12 CAVIS (Clouds, Aerosols, Vapors,
Ice and Snow) bands (405–2245 nm). For the study of asphalt pavements, high accuracy is needed,
i.e., high resolution, thus only the multispectral bands were used, which have a resolution of 1.24 m
at Nadir (1.38 m at 20◦ Off-Nadir). The multispectral bands of WV3 are the Coastal band (with a
central wavelength of 427.4 nm), the Blue band (with a central wavelength of 481.9 nm), the Green
band (with a central wavelength of 547.1 nm), the Yellow band (with a central wavelength of 604.3 nm),
the Red band (with a central wavelength of 660.1 nm), the Red-edge band (with a central wavelength
of 722.7 nm), the NIR 1 band (with a central wavelength of 824.0 nm), and the NIR 2 band (with
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a central wavelength of 913.6 nm) [38]. The colorimeter data is compatible with the 6 (out of 8)
multispectral bands of WV3 i.e., Coastal (band 1), Blue (band 2), Green (band 3), Yellow (band 4),
Red (band 5), and Red-edge (band 6); thus, only these bands were examined in this work. After getting
the values for the six WV3 bands for the three asphalt pavement categories using in-band analysis,
combinations between the categories and the bands were made using separability indices for both
pieces of equipment. The separability indices used were the Euclidean distance method and the
Mahalanobis distance method.
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The Euclidean distance accounts equally for each measurement taken and is used in many studies
to measure similarity [39–41]. The data are assumed to be of the same importance and independent
from others [42]. The equation used in the study is as follows:

Euclidean distance method:
de = (px − qx) (21)

where de is the Euclidean distance between reflectance values measured as %, px is the reflectance in a
specific wavelength (satellite band) for a group (pavement category) of observations measured as %, qx

is the reflectance in a specific wavelength (satellite band) for a different group (pavement category of
observations measured as %.

Mahalanobis distance [43] measures the distance of a point towards the distribution of points
in a multidimensional space [44]. In this study, it deals with the correlations between datasets
and their variability. It weighs each measurement differently using the range of variability [45].
The data accounting for high variability receive less weight than the ones with low variability [42].
The Mahalanobis distance equation used is as follows:

dm =

√(
sx − tx

)
×C−1 ×

(
sx − tx

)′
(22)

where dm is the Mahalanobis distance, sx is a vector in a specific wavelength (satellite band) for a
group (pavement category) of observations, tx is a vector in a specific wavelength (satellite band) for a
different group (pavement category) of observations, C is the covariance matrix.

2.7. Application

The above two separability indices were used to observe if the spectroradiometer data were in
line with the colorimeter data based on satellite visible bands. Since for both pieces of equipment,
the results were in line, an application of data took place in order to visualize asphalt pavements
in terms of their age category. After the conversion of the colorimetric data to reflectance values



Remote Sens. 2020, 12, 3911 10 of 20

using the RSR of WV3, there were 50 colorimetric measurements for each one of the six WV3 bands
studied. The visualization of the reflectance and the normalization equation/filter values was achieved
using interpolation. The ArcGIS software was used for the application of data using a kriging
interpolation tool, which works through the correlation between the surrounding values’ distance and
the values located around a point [46,47]. It should be noted that this can be considered a starting
point of the described methodology since it took place in a small region without any satellite image.
Thus, no geometric or radiometric correction was made. It is a first step towards the upscaling of
radiometric and colorimetric data to satellite data.

3. Results and Discussion

As mentioned in the methodology section of the study, the data collected from the spectroradiometer
were converted into color space L*a*b*. Since “L*” stands for the lightness of a color, it can be used
to categorize the asphalt pavements in terms of their age. This is true for pavements that undergo
similar life usage conditions (i.e. traffic loads, weather conditions, etc.), except from their age of
construction. As asphalt pavement undergoes ageing, the lightness of the color of asphalt increases
as well. The results concerning the L* of the asphalt pavements can be seen in Figure 5. The two
charts represent the L* data taken using a spectroradiometer (a) and colorimeter (b) for each of the
six case studies. The spread out of the data is represented using boxplots that show maximum,
minimum, median values and 1st, 3rd quartiles of the data. L* observed from colorimeter data seems
to be underestimated compared to the spectroradiometer L* values. In general, the behavior of the
equipment is very similar since there is an increase, as expected, in lightness as the ageing of asphalt
pavements increases. In other words, study area A (Age Category 1) has the minimum L* values,
whereas study area C (Age Category 3) has the maximum values of L*. Age category 2, i.e., study area
B, has intermediate values, as expected.
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The T-test performed during the study (Tables 1 and 2) revealed that there is no possibility
(i.e., p < 0.05) for the data to be mismatched between the three categories. For example, it is not possible
for the dataset of study area C to fall inside the dataset range of study area B. In addition, another
statistical test was carried out to justify that there is no possibility (i.e., p < 0.05) to mismatch the data
between the three categories. This was the Analysis of Variance (ANOVA) test. Again, the p-values
were extremely small, revealing that there is no possibility of divergence of the data between the three
categories (Tables 3 and 4).
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Table 1. T-Test (p-value) of spectroradiometer data for study areas (age categories) A, B, C.

Spectroradiometer A B C

A 1 3.58 × 10−41 4.72 × 10−89

B 3.58 × 10−41 1 3.12 × 10−60

C 4.72 × 10−89 3.12 × 10−60 1

Table 2. T-Test (p-value) of colorimeter data for study areas (age categories) A, B, C.

Colorimeter A B C

A 1 6.06 × 10−41 1.10 × 10−89

B 6.06 × 10−41 1 1.83 × 10−56

C 1.10 × 10−89 1.83 × 10−56 1

Table 3. ANOVA test (p-value) of spectroradiometer data for study areas (age categories) A, B, C.

Spectroradiometer A B C

A 1 7.62 × 10−45 1.92 × 10−89

B 7.62 × 10−45 1 1.59 × 10−65

C 1.92 × 10−89 1.59 × 10−65 1

Table 4. ANOVA test (p-value) of colorimeter data for study areas (age categories) A, B, C.

Colorimeter A B C

A 1 6.01 × 10−41 1.86 × 10−92

B 6.01 × 10−41 1 5.93 × 10−58

C 1.86 × 10−92 5.93 × 10−58 1

The following graphs (Figure 6) represent the Pearson correlation between the data of the
spectroradiometer and the colorimeter. The correlation between the equipment is very high. In all
areas, the equipment data are correlated to each other more than 90%.

The above statistical results reveal that the data of the two equipment are in line as far as lightness
(L*) concerns when comparing the color spaces of the two equipment.

An extra 15% of the test samples for both equipment were used to validate the calibrated L* value
of the colorimeter using the equation of the 50 sets. The validation plots can be seen in Figure 7. Table 5
indicates that, again, there is a very high correlation (more than 90%) between the two equipment as a
result of the validation plots of L* produced. The Root Mean Square Error (RMSE) between radiometric
L* values and the calibrated colorimeter values (Lcal) ranges from 0.5 to 1.07 (Table 5).

Since the analysis of spectral data is very important in remote sensing technologies, it was
considered appropriate to convert all the data into spectral data and compare them together using
separability indices, as mentioned above.

As far as the conversion of color data to spectral data is concerned, the charts formed are shown
in Figures 8 and 9. Both charts are in line with the L* values of Figure 5. In other words, there is an
underestimation of data in using the colorimeter. The main objective of the charts was to prove that
they are in line with the literature, i.e., as the age of asphalt pavements increases, the reflectance curves
are shifting upwards. The reflectance chart produced using the colorimeter data is similar to the chart
produced using the spectroradiometer data. The only part that undergoes some differences is mainly
in the area of 420–460 nm. To confirm that the differences between the two datasets do not affect the
analysis of satellite data in the case that a colorimeter is used for ground truth data, the two datasets
are compared using the two separability indices, the Euclidean and the Mahalanobis Distances.

After the implementation of an in-band analysis using the spectral responses of the WV3 bands
that are in the visible spectrum, Table 6 was created. The Euclidean distance of the spectroradiometer
and colorimeter was found by comparing the six spectral bands (visible spectrum) of WV3. The largest
(Euclidean) distance, which indicates the best separability between two asphalt pavements of different
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ageing of construction, is indicated when comparing band 1 and band 6 (WV3). All six tables presented
in Table 6 have the same Euclidean distance cell (red color). Thus, using this the Euclidean distance
method, the colorimeter and spectroradiometer data are in line and can be used as ground truth data
in remote sensing techniques.
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Figure 6. Correlation plots for each study area between colorimeter and spectroradiometer data for
Study Area A1 (a), Study Area A2 (b), Study Area B1 (c), Study Area B2 (d), Study Area C1 (e),
Study Area C2 (f).
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Figure 9. Spectral data of colorimeter (after conversion) for areas A1–C2.

Mahalonobis distance (Table 7) was also used as a separability index between two asphalt
pavement categories since it can measure the distance between points and distribution of points.
It was considered appropriate to use it in the study since there are cases, especially in old pavements,
where the data distribution is large. The results show that the two types of equipment have very similar
indications. When compared to the results of Euclidean distance, there are some small alterations in the
oldest pavements (i.e., Age category 3) between the satellite bands. In general, again, the combination
of band 1 and band 6 is sufficient for all asphalt pavement categories’ comparison and can be used as
the separability index. The fact that the Mahalanobis distance between WV3 bands is almost the same
as the two equipment is of significant interest because this indicates that colorimeter data can be used
as ground truth data for the classification of asphalt pavements in terms of their age.

After the implementation of the above new techniques, a grid was created for each asphalt
pavement examined using the spectroradiometer/colorimeter data. The visualization of the results,
for each WV3 band examined, can be seen in the following figure (Figure 10). The reflectance
difference between age categories is obvious in all WV3 bands examined. Thus, the three asphalt
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pavement categories can be separated, as a starting step, using the reflectance values in each satellite
band. The green, yellow, and orange colors created represent study area (Age categories) A1, B1,
and C1, respectively.

Table 6. Euclidean distance of WV3 bands in the visible spectrum for spectroradiometer (left) and
colorimeter (right).

Spectroradiometer Colorimeter

B1 B2 B3 B4 B5 B6 B1 B2 B3 B4 B5 B6
A1 1.8 3.8 5.9 6.7 6.8 7.2 A1 0.2 1.3 3.8 5.3 5.7 5.7
A2 1.1 3.1 5.2 6.0 6.1 6.5 A2 0.4 0.6 3.2 4.7 5.0 5.0
A3 0.4 2.4 4.5 5.3 5.4 5.8 A3 1.8 0.7 1.8 3.3 3.6 3.7
A4 0.0 2.1 4.2 5.0 5.1 5.4 A4 2.5 1.4 1.1 2.7 3.0 3.0
A5 0.0 2.0 4.1 4.9 5.0 5.4 A5 2.6 1.5 1.0 2.5 2.9 2.9
A6 0.2 1.9 4.0 4.8 4.9 5.2 A6 2.6 1.5 1.0 2.5 2.9 2.9

C1 C2 C3 C4 C5 C6 C1 C2 C3 C4 C5 C6
B1 4.7 6.4 8.1 8.8 8.8 8.9 B1 4.3 5.4 7.7 9.1 9.3 9.3
B2 2.6 4.3 6.0 6.7 6.7 6.8 B2 3.2 4.3 6.7 8.0 8.2 8.3
B3 0.5 2.3 4.0 4.6 4.6 4.7 B3 0.7 1.7 4.1 5.4 5.7 5.7
B4 0.3 1.5 3.2 3.8 3.8 3.9 B4 0.8 0.2 2.6 3.9 4.2 4.2
B5 0.4 1.4 3.0 3.7 3.7 3.8 B5 1.1 0.1 2.3 3.6 3.9 3.9
B6 0.7 1.0 2.7 3.4 3.4 3.5 B6 1.2 0.1 2.3 3.6 3.8 3.9

C1 C2 C3 C4 C5 C6 C1 C2 C3 C4 C5 C6
A1 6.5 8.2 9.9 10.5 10.5 10.6 A1 4.5 5.6 7.9 9.3 9.5 9.5
A2 5.8 7.5 9.2 9.8 9.8 9.9 A2 3.9 4.9 7.3 8.6 8.9 8.9
A3 5.1 6.8 8.5 9.1 9.1 9.2 A3 2.5 3.6 5.9 7.2 7.5 7.5
A4 4.7 6.5 8.2 8.8 8.8 8.9 A4 1.8 2.9 5.3 6.6 6.8 6.9
A5 4.7 6.4 8.1 8.7 8.7 8.8 A5 1.7 2.8 5.1 6.5 6.7 6.7
A6 4.5 6.3 7.9 8.6 8.6 8.7 A6 1.7 2.8 5.1 6.5 6.7 6.7

A, B and C indicate the category of asphalt pavement
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Table 7. Mahalanobis distance of WV3 bands in the visible spectrum for spectroradiometer (left) and
colorimeter (right).

Spectroradiometer Colorimeter

B1 B2 B3 B4 B5 B6 B1 B2 B3 B4 B5 B6
A1 4.6 8.2 10.3 10.7 11.0 11.4 A1 1.3 2.6 7.1 9.1 9.0 9.0
A2 3.0 6.7 9.1 9.6 9.9 10.3 A2 1.5 1.6 5.9 8.0 8.0 7.9
A3 2.1 5.2 7.9 8.5 8.8 9.1 A3 3.8 1.9 3.4 5.6 5.8 5.8
A4 2.1 4.5 7.3 8.0 8.2 8.6 A4 5.1 2.8 2.4 4.5 4.7 4.7
A5 2.0 4.4 7.2 7.9 8.1 8.5 A5 5.3 3.1 2.2 4.3 4.5 4.6
A6 2.1 4.1 7.0 7.7 7.9 8.3 A6 5.4 3.1 2.2 4.3 4.5 4.5

C1 C2 C3 C4 C5 C6 C1 C2 C3 C4 C5 C6
B1 3.9 4.3 4.4 4.3 4.1 4.0 B1 4.4 4.9 5.3 4.9 4.7 4.7
B2 2.2 2.9 3.3 3.3 3.2 3.1 B2 3.3 3.9 4.6 4.3 4.2 4.2
B3 0.6 1.5 2.1 2.3 2.2 2.1 B3 0.8 1.6 2.8 2.9 2.9 2.9
B4 0.4 1.0 1.7 1.9 1.8 1.8 B4 0.9 0.5 1.8 2.1 2.1 2.1
B5 0.5 0.9 1.6 1.8 1.7 1.7 B5 1.2 0.5 1.6 1.9 2.0 2.0
B6 0.6 0.7 1.5 1.6 1.6 1.6 B6 1.2 0.5 1.5 1.9 1.9 1.9

C1 C2 C3 C4 C5 C6 C1 C2 C3 C4 C5 C6
A1 5.4 5.5 5.3 5.1 5.0 4.9 A1 4.6 5.1 5.4 5.0 4.8 4.8
A2 4.8 5.0 5.0 4.8 4.6 4.5 A2 3.9 4.5 5.0 4.6 4.5 4.5
A3 4.3 4.5 4.6 4.5 4.3 4.2 A3 2.5 3.2 4.0 3.9 3.8 3.8
A4 4.0 4.3 4.4 4.3 4.2 4.1 A4 1.9 2.6 3.6 3.5 3.5 3.5
A5 3.9 4.3 4.4 4.3 4.1 4.0 A5 1.8 2.5 3.5 3.5 3.4 3.4
A6 3.8 4.2 4.3 4.2 4.1 4.0 A6 1.8 2.5 3.5 3.5 3.4 3.4

A, B and C indicate the category of asphalt pavement
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After the implementation of the above new techniques, a grid was created for each asphalt 
pavement examined using the spectroradiometer/colorimeter data. The visualization of the results, 
for each WV3 band examined, can be seen in the following figure (Figure 10). The reflectance 
difference between age categories is obvious in all WV3 bands examined. Thus, the three asphalt 
pavement categories can be separated, as a starting step, using the reflectance values in each satellite 
band. The green, yellow, and orange colors created represent study area (Age categories) A1, B1, and 
C1, respectively. 

Numbers “1–6” indicate WV3 bands Green: Small distance Red: Large distance
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Figure 10. Classification of the three asphalt pavement age categories by using the reflectance values 
in each WV3 band examined. 

Figure 10. Classification of the three asphalt pavement age categories by using the reflectance values in
each WV3 band examined.

By using bands 6 and 1 as the best bands to characterize (separate) the age of asphalt pavements,
Figure 11 was created. The classification of the three asphalt pavement categories is obvious. The blue
color represents Age category 1, the orange color is Age category 2 and the grey color is Age category
3. It is evident that there is a separation between the three categories using the combination of the
suggested bands. Age category 1 refers to the asphalt class A, Age category 2 refers to the asphalt class
B, and Age category 3 refers to the asphalt class C.
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Figure 11. Band 1/Band 6 graphs for spectroradiometer (left) and colorimeter (right).

The next step of the application is to vectorize the two asphalt pavements (out of three) using
a range of reflectance for each asphalt pavement category for a WV3 spectral band. For example,
for band 1, the reflectance ranging to 12.85% belongs in category A, while the reflectance ranging
from 12.86–15.79% belongs in category B. Then, a vectorization of the asphalts takes place, and a
normalization equation can be used to compare the two asphalt pavement age categories at once.
In this way, there will be noise reduction from the surrounding environment. Thereafter, more age
categories may enter the GIS environment.

The Normalized Difference Equation/filter for asphalt Pavement Age characterization Index
(NDPAI) used is:

Band6 − Band1

Band6 + Band1
(23)

where band refers to WV3 bands (6 is the red-edge and 1 is the coastal band).
The results in using the normalization equation/filter can be seen in Figure 12. The left side of

the figure (Figure 12a) shows the application of the NDPAI. There is a clear separation of Asphalt
Pavement Category A and B. Although, Category C is separate from the other two categories, its values
are closer to the ones of Category A. This can be explained using the chart of Figure 12b where there is
a clear difference between the Category A and B while the values of Category C are in between A and
B and closer to A. This is the reason for applying the NDPAI mentioned above on two categories each
at once instead of more than two. By applying NDPAI, the asphalt pavements are isolated. In other
words, only the area of interest will be examined by minimizing surrounding noise.Remote Sens. 2020, 12, 3911 21 of 24 
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4. Conclusions

While the color science has a wide range of applications, limited work has been performed on
the color of asphalt pavements in the CIE L*a*b* color space. Asphalt pavements have been widely
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studied using spectral signatures and satellite data. Besides the fact that asphalt pavements were not
studied thoroughly in terms of color, the equipment used to study asphalt pavements are considered
to be specialized equipment; thus, they are also expensive.

The main aim of the paper was to use colorimeter data to study parameters of asphalt pavements,
such as their age. This is usually performed using spectroradiometers, so the methodology was
accomplished through the comparison of colorimeter data to spectroradiometer data. This comparison
was done by converting all data to color space L*a*b* and also by applying the vice versa conversion,
i.e., by converting the data to spectral data. In this way, researchers can have a handy tool to work
with the characteristics of asphalt pavements using both spectral and color data.

The results showed that there is a downgrading of parameter L* (lightness) by using the colorimeter
data, but in general, all the data are in line with literature since it shows that the L* for both equipment
(spectroradiometer and colorimeter) increases as the age of the asphalt pavement increases as well.
In addition, statistics were used to confirm that age categories of asphalt pavements cannot be
mismatched using both pieces of equipment. Statistically, the colorimeter data proved to comply with
the spectroradiometer data.

When spectral data were compared for both equipment using six multispectral bands of WV3
satellite, the outcomes showed consistency for the two equipment used. The separability indices
(Euclidean, Mahalanobis distances) were in line for both equipment for the age categorization of asphalt
pavements. The combination of Band 6 (Red-edge) and Band 1 (Coastal), as far as WV3 concerns,
proved to be the most appropriate separability index for age characterization of asphalt pavements for
colorimeter and spectroradiometer data.

As a synopsis, a colorimeter can be used for the calibration of satellite data since its data are in
line with spectroradiometric data. By using all information, an application of a proposed Normalized
Difference Equation/filter for asphalt Pavement Age characterization Index (NDPAI) was performed,
showing how asphalt pavements can be categorized through their age category.

It is worth mentioning that the methodology described in the study makes some important
assumptions about the six study areas. The only variable for the study areas was their age of
construction, while other parameters, such as traffic load, construction manuals, weather conditions
etc. were considered to be the same for each area of study. It should be noted that the application of
the results using WV3 specifications is a first step in the upscaling of colorimeter data to satellite data,
since it took place in a small region without any satellite image. Future work may be focused on using
the conclusions of this work on a satellite image to study paved conditions.
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